The transition to flowering involves major changes in the shoot apical meristem and in the fate of existing leaf primordia. Transcripts of the Arabidopsis thaliana flowering-promoting gene FLOWERING LOCUS T (FT) are present in leaf tissue but can also promote flowering when artificially introduced into the meristem. FT may normally act in the leaf and/or the meristem, initiating or constituting a mobile flower-promoting signal. We studied FT-dependent events in the rosette leaf, some of which might precede or mimic events in the meristem and its primordia. We show FT-dependent transcript accumulation of the MADS box transcription factors FRUITFULL (FUL) and SEPALLATA3 (SEP3) in leaves. Abnormally high levels of FT further increase the expression of these genes, leading to morphological changes in the leaves. Loss of the flowering-time gene FD, as well as environmental conditions that delay flowering, reduce FT's effect on leaves via reduced activation of its targets. FUL, SEP3, and APETALA1 accumulation in the meristem is associated with and contributes to the transition to flowering. We propose that FT functions through partner-dependent transcriptional activation of these and as-yet-unknown genes and that this occurs at several sites. Organ fate may depend on both degree of activation and the developmental stage reached by the organ before activation occurs.
INTRODUCTION
Many plants time their reproductive stage to a season with favorable climate. Correct timing of this transition is an important adaptive trait to adverse environmental conditions. One environmental cue is the gradual change in daylength (photoperiodism) that occurs in nonequatorial regions. Some plants flower as days become shorter, whereas others respond to increasing photoperiods. Daylength is perceived by the leaves (Knott, 1934) , which when induced produce an unknown flowering stimulus (florigen; Chailakhyan, 1936) . This graft-transmissible systemic signal is thought to move from the induced leaf to the meristem (Zeevaart, 1976) . Much of our current molecular understanding of the control of flowering time was obtained in the model plant Arabidopsis thaliana (Boss et al., 2004; Hayama and Coupland, 2004; Sung and Amasino, 2004) . Arabidopsis grown under long-day conditions flowers earlier and with fewer leaves compared with short-day conditions. In Arabidopsis, increasing daylength leads to the accumulation of the transcription factor CONSTANS (CO; Putterill et al., 1995) . The circadian clock produces daily expression rhythms of CO transcript that are modified by changes in daylength (Suarez-Lopez et al., 2001 ). CO protein is stabilized by blue and far-red light and is degraded in red light and in the dark (Valverde et al., 2004) . High levels of transcript during the light hours occur only under long days, allowing accumulation of sufficient levels of CO protein required for flowering. CO directly activates the floral integrators SUP-PRESSOR OF OVEREXPRESSION OF CO 1 and FLOWERING LOCUS T (FT) (Samach et al., 2000) . CO misexpression from phloem-specific promoters caused early flowering, and this induction was graft-transmissible Ayre and Turgeon, 2004) . On the other hand, CO misexpression from meristem-specific promoters did not trigger flowering, while its target FT acted in both the phloem and the meristem to trigger flowering . These experiments pinpointed the focus on the transmissible signal on events downstream of CO expression, one of them being FT transcript accumulation. It is still unclear whether FT normally acts in the leaf, the apical meristem, or both. FT transcript or protein may move or promote the formation of a downstream mobile signal. FT encodes an ;20-kD protein (Kardailsky et al., 1999; Kobayashi et al., 1999) belonging to the CETS (CEN, TFL1, SP) family (Pnueli et al., 2001) . Overexpression of FT causes early flowering (Kardailsky et al., 1999; Kobayashi et al., 1999) , and loss-of-function alleles are late-flowering (Koornneef et al., 1991) . The precise mode of action of CETS proteins is still unknown. Interestingly, they share similarities in sequence and protein folding structure with the mammalian RAF-kinase-inhibitor protein (RKIP) (Banfield and Brady, 2000) . RKIP has been shown to play a pivotal modulatory role in several protein kinase signaling cascades (Yeung et al., 1999; Lorenz et al., 2003; Keller et al., 2004) . A putative ligand binding domain and neighboring effector sites are also conserved between RKIP and CETS, suggesting that their mode of action might be similar. RKIP is also a precursor of the hippocampal cholinergic neurostimulating peptide (Tohdoh et al., 1995) , although this region in RKIP does not share strong homology with CETS. Several potential protein interactors of CETS proteins have been identified using the yeast two-hybrid system (Pnueli et al., 2001) . Once the decision to form flowers has been made, the development of the complex flower involves many genes in several tiers, which are switched on or off, both spatially and temporally (Zik and Irish, 2003) . Indeed, using global expression analysis, hundreds of genes were shown to go through a twofold or higher change in expression in the apex during the FT-dependent transition to flowering (Schmid et al., 2003) . Genetic evidence suggests that FT function is closely associated with activation of the APETALA1 (AP1) gene. FT acts redundantly with the floral integrator LEAFY (LFY) to activate AP1 transcription (Ruiz-Garcia et al., 1997) , and a plant containing mutations in both FT and LFY completely lacked floral structures and AP1 expression. However, FT must have additional targets because flowering of Pro 35S :FT plants is not delayed by loss of AP1 function (Kardailsky et al., 1999) , and ap1 mutants are not late flowering. In Arabidopsis and most other plants, the transition to flowering also affects the fate of leaf primordia (Poethig, 2003) . The last leaves produced before flower formation (cauline leaves as opposed to the earlier formed rosette leaves) acquire a different fate. Cauline leaves have certain morphological characteristics, such as reduced size and changes in trichome distribution. The meristem in the axil of a cauline leaf differentiates relatively earlier as a secondary inflorescence. Enhanced internode elongation between cauline leaves eventually leads to their appearance on the inflorescence stem. In earlyflowering ecotypes exposed to long photoperiods, the fate of existing leaf primordia changes with the transition to flowering (Hempel and Feldman, 1994) . Although FT is involved in promoting the decision to make flowers, FT transcript is detected in leaves and the vasculature but not in the apical meristem . FT mRNA or protein might move to the meristem to affect its targets. Alternatively, FT might act completely or partially within the leaf.
Here, we looked for FT-dependent events within the leaf. Using loss-of-function and gain-of-function approaches, we show FTdependent accumulation of the MADS box transcription factors FRUITFULL (FUL) and SEPALLATA3 (SEP3) transcripts in mature wild-type rosette leaves. The FUL gene is highly expressed in the inflorescence meristem and in cauline leaves (Mandel and Yanofsky, 1995; Gu et al., 1998; Ferrandiz et al., 2000b; Schmid et al., 2005) , and the null ful-1 allele delays flowering and increases cauline leaf size (Gu et al., 1998; Ferrandiz et al., 2000b) . We show that ful-1 suppresses both flowering and cauline leaf phenotypes of transgenic plants expressing high levels of FT. We show that full FT action in the leaf is dependent on the flowering-time gene FD and that the environment can change the timing of the transition to flowering not only by modifying FT transcript levels but also by modifying FT activity. The implications of our findings on understanding the mode and site of FT action are discussed.
RESULTS

High Levels of FT Cause Growth Condition-Dependent Vegetative Phenotypes
We began our study of FT-dependent events within the leaf by examining vegetative phenotypes of plants overexpressing FT.
We used a Pro 35S :FT transgene originally introduced into Columbia (Col) but introgressed into the Landsberg erecta (Ler) background by five backcrosses (YK#1-5L, kindly provided by T. Araki, Kyoto University, Kyoto, Japan). These plants flower extremely early after producing, on average, two rosette leaves and two cauline leaves in all photoperiods tested (see Supplemental Table 1 online) . Flowering time is also reduced compared with similar genotype lines in the Col background (Kardailsky et al., 1999; Kobayashi et al., 1999; Abe et al., 2005) . We noticed that in addition to early flowering and early termination of the inflorescence meristem, under certain growth conditions the rosette leaves were reduced in size and folded inwards and upwards (curling) along the axis of the major leaf vein (Figure 1 ). The degree of the phenotype was highly variable between growth conditions but fairly uniform within identical growth conditions. For example, plants grown under long days in a growth room (treatment A1 in Table 1) were not curled ( Figure 1A ). Substantial leaf curling occurred under blue fluorescent long days in a growth chamber (treatment A3 in Table 1 , Figure 1B ), and intermediate leaf curling occurred in a short-day growth chamber (treatment A4 in Table 1 , Figure 1C ). Once a leaf became curled, changing environmental conditions did not reverse the phenotype.
Functional analysis in Arabidopsis of the FT-like tomato (Lycopersicon esculentum) gene SP3D (Carmel-Goren et al., 2003) provided similar phenotypes. SP3D encodes a protein homologous to FT (see Supplemental Figure 1 online), which causes early flowering when overexpressed in tomato and was renamed Tomato FT (TFT; E. Lifschitz, personal communication). We transformed Arabidopsis (Ler) with a Pro 35S :TFT construct (generously provided by E. Lifschitz; see Methods). Nine independent transgenic lines all showing very early, day-lengthinsensitive flowering (Table 2) , severe leaf curling, and reduced leaf size ( Figures 1D and 1E ) were obtained. Rosette and cauline leaf curling in different Pro 35S :TFT lines was generally more severe than in Pro 35S :FT plants but was still dependent on growth conditions. Line Pro 35S :TFT#7 was chosen for further genetic analysis, since it showed the highest expression of the TFT transgene (see Supplemental Figure 2 online). These results indicate that leaf curling and leaf size reduction are common responses to abnormally high levels of FT/TFT activity in leaves.
Expression of SEP3 and FUL in Leaves Is Dependent on FT Levels
We looked for genes that are regulated by FT within rosette-leaf tissue. Here, we took a candidate gene approach by studying the expression of specific genes encoding MADS box transcription factors that had been shown (using loss-of-function approaches) to play a role in inflorescence and flower meristem and organ identity. The genes tested were AGAMOUS (AG), AP1, AP3, CAULIFLOWER (CAL), FUL, and SEP3. CAL and FUL plays a redundant role with AP1 in flower meristem identity (Ferrandiz et al., 2000b) , while AG, AP3, and SEP3 are highly expressed in TERMINAL FLOWER 2 mutants that misexpress FT (Kotake et al., 2003) . All these genes are upregulated in the apical meristem upon the transition to flowering, and this increase is delayed in an ft mutant (Schmid et al., 2003) .
Initially, we compared expression in the seedlings of different transgenic and wild-type lines grown under conditions that promote strong curling (treatment A3 in Table 1 ). We avoided collecting inflorescence tissue (in early-flowering transgenics) by sampling 6-d-old seedlings. In these seedlings, the AP1, FUL, and SEP3 genes were highly misexpressed in the transgenic lines ( Figure 2A ; biological repeat in Supplemental Figure 3A online), whereas no significant misexpression of CAL, AP3, or AG could be detected (data not shown). We then compared expression of AP1, FUL, and SEP3 in mature rosette leaves of wild-type plants or those overexpressing FT ( Figure 2B ) or TFT (see Supplemental Figure 3B online). Plants were grown for 30 d under conditions that enhance curling (conditions A2 and A4 in Table 1 , respectively). All three genes were highly misexpressed in the rosette leaves of both transgenic lines. Fold induction ranged between 5.4 (FUL) and 21 (SEP3) for Pro 35S :FT plants grown under long days.
FT is normally expressed in rosette leaves as well as in modified leaves such as cauline leaves and sepals . Here, we introduced abnormally higher levels of FT in the leaves and perhaps into cells within the leaf in which FT is not normally expressed. FT activity under these conditions might not reflect its normal functions. FUL and SEP3, although predominantly expressed in the meristem and floral tissue, are also detected above baseline levels at specific stages of rosette/cauline leaf development. In fact, the organs showing the highest levels of FUL expression are cauline leaves . To determine whether FT is normally involved in the regulation of these genes in rosette leaves, we compared their expression in rosette leaves of wild-type and ft-2 mutant plants grown under long days (condition A2 in Table 1 ). Using real-time PCR, we detected clear above-background signals in wild-type leaves of both SEP3 and FUL. In rosette leaves from 19-d-old plants, we detected a slight reduction in the gene expression of SEP3 and FUL in ft-2 mutants (data not shown). In 30-d-old rosette leaves, we detected a consistent 10-fold decrease in the expression of SEP3 and FUL in ft-2 mutants ( Figure 2C ). Thus, FT is normally required for SEP3 and FUL accumulation in mature rosette leaves.
FT-Dependent Changes in Gene Expression and Morphology of Leaves Require the Flowering-Time Gene, FD
The flowering time gene FD was assigned to the same group as FT, since plants carrying mutations in either gene are lateflowering under long days and do not exhibit an increased response to vernalization (Koornneef et al., 1991) . FD was recently shown to encode a basic region/leucine zipper transcription factor that interacts with FT (Abe et al., 2005; Wigge et al., 2005) .
We therefore asked whether FD is required for FT-dependent accumulation of SEP3 and FUL in mature rosette leaves. Indeed, the fd-1 mutation had an effect similar to that of ft-2 in reducing the expression of these genes in mature rosette leaves (Figure 2C) .
Suppression of Pro 35S :FT early flowering by fd-1 has been reported by others (Abe et al., 2005; Wigge et al., 2005) . We screened an array of different levels of TFT in an fd-1 mutant (see Methods) and introduced the Pro 35S :FT line into an fd-1 background. In all cases, loss of FD fully suppressed leaf curling and leaf-size reduction ( Figure 3A ), yet caused a relatively slight delay in flowering time of Pro35S:FT/TFT transgenics (Figures 3B to 3D).
Pro 35S :FT/TFT in fd-1 plants showed early flowering with abnormally large leaves, a unique phenotype for early-flowering plants. This suggested that with the loss of FD, leaf fate is no e Degree of leaf curling of Pro35S:FT was given a semiquantitative measure using asterisks, with highest curling receiving three asterisks, medium curling receiving two asterisks, low curling receiving one asterisk, and no curling receiving -. f Chambers: 1, growth room; 2, growth room 2; 3, TC16 Conviron chamber; 4, AR95L Percival Arabidopsis growth chamber. Figure 2D ; see Supplemental Figure 3C online) and young seedlings (data not shown).
Temperature-Dependent FT Activation of SEP3
Loss of FD reduced target gene expression and leaf curling, suggesting a possible correlation and perhaps even a causeand-effect relationship between the two phenomena. To further test this correlation, we grew Pro35S:TFT#3 plants under conditions that either enhance (short days, A4 in Figure 4C ). When measuring total leaf number, the Pro 35S :FT plants were significantly late-flowering at 128C, suggesting that temperature affects a common mechanism. We asked whether changes in ambient temperature affect target gene expression. Here, for the first time in our experiments, we detected a major difference in the responses of SEP3 and FUL. Reducing the temperature had a specific effect on SEP3 expression, without any noticeable reduction in that of AP1 or FUL ( Figure 2D ). Thus, temperature might affect the ability of FT to activate SEP3 and seemingly not the two other genes we identified. Of course, activation of other, as-yet-unknown targets of FT may also be regulated by temperature. Figures 5A and 5B) .
In the F2 generation of the cross between Pro 35S :TFT#7 and sep3-2, only 19.4% of the plants had curled leaves, proving that leaf curling requires two wild-type copies of SEP3 (see Supplemental Table 2 online). As expected, a line homozygous for Pro 35S :TFT#7 in sep3-2 also had uncurled leaves ( Figure 5C ).
High levels of SEP3 alone (Pro 35S :SEP3 plants) are not sufficient for severe curling under our growth conditions (data not shown), suggesting that SEP3 is not the only component required for leaf curling. Introducing even higher levels of SEP3 into Pro 35S :TFT#7 plants increased the degree of curling ( Figure 5D ), suggesting that SEP3 levels are rate-limiting in leaf curling.
While no late-flowering phenotype was described for the sep3-2 mutant in a wild-type background, loss of SEP3 caused a slight yet significant delay in the Pro 35S :TFT#7 background ( Figures  5C, 6A, and 6B ). This delay required the absence of both SEP3 copies: it was first noticed in a segregating F2 population ( Figure  6A ) and later confirmed in a homozygous line for Pro 35S :TFT#7 in sep3-2 ( Figure 6B ). The effect of sep3-2 was partially masked by the fact that Col-0 seems to carry a recessive suppressor of Pro 35S :TFT early flowering ( Figure 6A ; see Supplemental Table 2 online). A suppressor of Pro 35S :FT in Col has also been found by others (Y. Kobayashi and T. Araki, personal communication) . Under the growth conditions tested, the sep3-2 allele did not significantly suppress Pro 35S :FT early flowering (data not shown). Figure 6C ) and >30 in A4 (Table 2; see Supplemental Table 1 online) and A5. Under all conditions, a mutation in FD suppresses early flowering by 0.5 to 1.5 leaves. The major effect of FD is on rosette leaf number. The difference between the Pro 35S :FT and Pro 35S :TFT#3 plants becomes more clear under white short days, perhaps due to lack of internal FT under these conditions. Flowering time is measured by counting rosette (gray) and cauline (black) leaves. Mean leaf number is shown 6 SE (n ¼ 5 to 22). 1999) into the Pro 35S :TFT#7 background severely increased leaf curling ( Figure 7B ). AP1 is therefore not essential for leaf curling but can synergistically contribute to its severity.
There is likely to be a degree of functional redundancy among FT targets, since a mutation in AP1 does not suppress early flowering of Pro 35S :FT plants (Kardailsky et al., 1999) . We found that the strong ap1-7 (Bowman et al., 1993 ) Col allele did not cause a significant delay in flowering in the Pro 35S :TFT#7 line ( Figure 7A ). On the other hand, higher levels of AP1 accelerated Pro 35S :TFT#7 flowering time ( Figure 7B ). The amount of rosette leaves decreased, partially due to elongation between the cotyledon and the first leaf, in many of the plants. In addition, meristem termination was strongly enhanced by introducing Pro 35S : AP1. Inflorescences were replaced by a single flower ( Figure 7B ). Thus, AP1 might be a rate-limiting factor in FT-dependent early meristem termination.
A Mutation in FUL Suppresses Pro 35S :FT Leaf and Flowering-Time Phenotypes
The ful-1 loss-of-function allele is caused by the insertion of a DsE transposable enhancer trap element into the 59 untranslated leader of the FUL gene (Gu et al., 1998) . The transposable element contains a b-glucuronidase (GUS) reporter gene so that GUS activity is found in cells that normally transcribe FUL (Mandel and Yanofsky, 1995; Gu et al., 1998) . Plants homozygous or heterozygous for the ful-1 allele showed clear GUS expression in the vasculature of rosette leaves grown under blue long days ( Figure 7C) . A similar pattern, under other growth conditions, has been previously shown (Gu et al., 1998) . We crossed Pro 35S :FT into the ful-1 background, and in the F1 generation, we could observe a severe FT-dependent increase in GUS expression in the youngest rosette leaves ( Figure 7C ), confirming our direct analysis of FUL expression.
A mutation in FUL delays flowering under continuous light (Ferrandiz et al., 2000b) and, as we show here, under blue long days ( Figures 6C and 7D ). Flowering time of Pro 35S :FT was clearly delayed by loss of FUL. In a segregating F2 population, plants containing the Pro 35S :FT construct that were homozygous for ful-1 (see Methods) flowered after producing an additional cauline leaf ( Figures 6C and 7D) . A mutation in FUL increases cauline leaf size (Gu et al., 1998) . The ful-1 allele clearly suppressed the reduction in cauline leaf size caused by Pro 35S :FT. Pro 35S :FT in ful-1 cauline leaves were abnormally large, though curling of rosette leaves was not significantly reduced ( Figure  7D ). These results suggest that FT, through FD, may promote flowering and changes in leaf fate via upregulation of FUL.
DISCUSSION
FT is a potent promoter of the transition to flowering, as demonstrated by the rapid transition to flowering of Pro 35S :FT plants under noninductive environmental conditions. FT, acting through transcription factors, is likely to affect transcription of select genes, which together initiate a cascade of events leading to FT-dependent transcriptional changes in hundreds of genes within the apex (Schmid et al., 2003) . Here, we provide evidence suggesting that FT promotes flowering through transcriptional activation of FUL, SEP3, and AP1. Although the expression of these genes has been previously shown to rise in the meristem with the transition to flowering, FT transcript has only been detected in the vasculature of leaves. Here, we report an FT-dependent rise in expression of FUL and SEP3 in rosette leaves. This raises the possibility that FT promotes flowering by regulating the expression of genes within leaves. The FUL-and SEP3-dependent reduction in leaf size, caused by FT and FD, suggests that these genes may also take part in changing the fate of leaf primordia during the transition to flowering.
Where Does FT Promote Flowering?
We detected FT-dependent accumulation of SEP3 and FUL in mature rosette leaves. FT and FUL expression has been detected in rosette-leaf vascular tissues (Gu et al., 1998; Takada and Goto, 2003) . Introducing abnormally high levels of FT severely increases the levels of SEP3, FUL, and AP1 genes in rosette leaves. Using a gain-of-function approach, we magnified events that normally happen in certain leaf cells (SEP3 and FUL induction) and other events that may not (AP1 induction). If FT normally causes a local change in transcripts in cells within the leaf, how does this affect flowering time? FT might move to the meristem and cause similar changes there or might remain in the phloem cells, while one of its first or downstream targets moves. This remains a fascinating puzzle that is definitely worth solving. Although it is now clear that FT is expressed and acts in leaves, we cannot rule out a precedent action within the meristem. 
A Role for FT and FD in Phase Change?
Normally, early flowering is associated with small leaves. An association between ontogenetic changes in vegetative metamers (heteroblasty) during plant development and the transition to the reproductive stage was noted and documented a century ago, but the link between these two processes is still unclear (Goebel, 1900; Jones, 1999) . In Arabidopsis, long days reduce both flowering time and rosette leaf size. Most late-flowering mutants, including ft and fd loss-of-function mutants, have larger rosette leaves. In early-flowering ecotypes exposed to long photoperiods, the fate of existing leaf primordia is changed with the transition to flowering (Hempel and Feldman, 1994 ). It appears as if a signal is sent downward from the shoot apical meristem to already-existing leaf primordia, and this message gets diluted with distance or with the developmental stage of the leaf, so that it only affects some of them. As a result, one can observe basipetal (top to base) initiation of inflorescence shoots from the axils of these leaves that have acquired a cauline fate (Hempel and Feldman, 1994) .
Pro 35S :FT in fd-1 plants present a unique phenotype, since they are early-flowering with relatively large rosette and cauline leaves. It appears that the leaf primordia in this genotype lack the competence to respond to the previously suggested downward signal. Mutations in SEP3 significantly increased rosette leaf size of Pro 35S :FT plants, and mutations in FUL significantly increased cauline leaf size in those plants. Since FUL normally accumulates in cauline leaves, and mutations in FUL increase cauline leaf size in wild-type plants (Gu et al., 1998) , our results suggest that FT might act via FD to reduce cauline leaf size by increasing FUL expression.
Recently, several examples of a two-phase transition, with the production of cauline leaves preceding any production of flowers, have been demonstrated in certain Arabidopsis genotypes and environmental conditions (Suh et al., 2003) . We noticed that cases described in that report were associated with reduced levels of FT activity. A two-phase transition was found in shortday-grown plants and in long-day-grown plants containing the fwa-2 allele (a dominant inhibitor of FT function; Kardailsky et al., 1999; Kobayashi et al., 1999) or overexpressing the TFL1 protein (Ratcliffe et al., 1998) , a CETS protein with an antagonistic affect on FT (Kobayashi et al., 1999) . It is therefore possible that the ability to change the fate of existing leaf primordia depends on the joint action of FT and FD.
The Dependence of FT on FD in Flowering
The recently cloned FD gene encodes a basic region/leucine zipper transcription factor that interacts with FT (Abe et al., 2005; Wigge et al., 2005) . In a wild-type background, the fd-1 allele causes late flowering under long days (Koornneef et al., 1991) . In a Pro 35S :FT/TFT background, the fd-1 allele causes a major change in leaf morphology and a slight delay in flowering time. How can FD be essential for FT activation of flowering in a wildtype background yet partially redundant for FT action in Pro 35S : FT/TFT plants?
The transition to flowering in wild-type plants can be considered a gradual, step-dependent transformation of primordia on the meristem from rosette leaf to cauline leaf to flower. FD may be required for all steps in the transition, its action on rosette/cauline leaves being less redundant than its action in the meristem (which can be replaced by other proteins). In a wild-type background, loss of FD will cause a delay in the first transition, leading to a delay in flowering time. By introducing high levels of FT directly into most cells, including the meristem, we have short circuited the normal transition. As a result, ectopically expressed FT, in the absence of FD, leads to a unique phenotype-a direct transition from very large leaves to flowers.
FUL Is a Regulator of Flowering Time
The FUL (AGL8) gene is required in several developmental processes, silique development being the most obvious one. Its role in the transition to flowering is based on loss-of-function phenotypes in a wild-type (Ferrandiz et al., 2000b ) and a Pro 35S : FT background (our results). Overexpression of FUL causes early flowering (Ferrandiz et al., 2000a) . A role in the suppression of cauline leaf size can also be shown in a wild-type (Gu et al., 1998) and Pro 35S :FT (our results) background.
FUL is expressed in the vasculature of rosette leaves (Gu et al., 1998) , similar to FT. Here, we show that FUL accumulation in the leaf is dependent on FT and FD. FUL expression is much higher in cauline leaves, where relatively high levels of FT transcript are detected as well (Mandel and Yanofsky, 1995; Gu et al., 1998; Schmid et al., 2003; Zimmermann et al., 2004) .
These results clearly present FUL as a target of FT function in the transition to flowering. As with FT, we still do not know where FUL acts to promote flowering. Unlike FT, FUL transcript has been reported to appear in the shoot apical meristem shortly after the transition to flowering in a broad range of cells (Mandel and Yanofsky, 1995; Hempel et al., 1997; Schmid et al., 2003) . How FT regulates this accumulation remains unknown.
FT Regulates SEP3 Accumulation in Rosette Leaves
Expression of the SEP3 gene in mature rosette leaves is regulated by FT and FD. In a Pro 35S :FT background, loss of FD reduced SEP3 expression, and regulation of SEP3 seems to be affected by an additional factor that is sensitive to temperature changes. In a sep3-2 loss-of-function background, early flowering of Pro 35S :TFT plants was slightly, albeit significantly suppressed, proving that TFT can work partially through SEP3 to promote flowering. We could not detect a delay in Pro 35S :FT flowering, probably due to higher levels of other targets that play a redundant role with SEP3. SEP3 can physically interact with AP1, and when both genes are overexpressed, flowering time is severely reduced (Pelaz et al., 2001) . A combination of ap1 and ful mutations has been shown to cause a delay in flowering time in the cal mutant background (Ferrandiz et al., 2000b) . Perhaps the role of SEP3 in flowering time of wild-type plants would be revealed in an ap1/ful background. SEP3's role in organ identity was revealed in a sep1 sep2 double mutant background (Pelaz et al., 2000) . It would be interesting to test whether SEP1 and SEP2 are also under FT regulation. Here, we show that SEP3, a gene that is normally controlled by FT, is a rate-limiting factor in Pro 35S :FT/TFT leaf curling. Losing one allele of SEP3 has a dramatic affect on flowers of a sep1 sep2 sep4 triple mutant as well (Ditta et al., 2004) . SEP3 has been shown to form higher-order complexes with other MADS box proteins and provides the complex with an activation domain and possibly target specificity (Egea-Cortines et al., 1999; Honma and Goto, 2001; Pelaz et al., 2001 ). There are several reports in the literature on leaf-curling phenotypes caused by ectopically expressing different MADS box proteins. It seems that many members of this large family of transcription factors are capable of interfering in the normal processes of leaf development, when introduced into new tissue or when accumulated to abnormally high levels. We do not regard leaf curling as a modified floral response but as a very sensitive assay of FT's activation of SEP3. We exploited this assay to follow the effect of FD and the environment on FT activity.
The Relationship between FT and AP1
FT acts redundantly with the floral integrator LFY to activate AP1 transcription in the meristem (Ruiz-Garcia et al., 1997) , and a plant containing mutations in both FT and LFY completely lacks floral structures and AP1 expression. FT-dependent activation of AP1 seems to be specific to the meristem. We could not detect a reduction in AP1 expression within the ft-2 mature leaf, although we did detect a reduction in the expression of FUL and SEP3. We show that AP1 can accumulate in leaves of Pro 35S :FT/TFT plants but, again, less dramatically than FUL and SEP3. A mutation in FD or conditions that reduce curling affected FUL and SEP3 expression more than AP1 expression in leaves. Such differences in response, also reflected by the unique patterns of expression of these three genes outside and within the inflorescence and flower (Zimmermann et al., 2004; Schmid et al., 2005) , suggest that FT's action on them is not uniform and is likely dependent on partners located in the different sites of FT action and/or on additional positive and negative gene-specific transcriptional regulators. It has also been suggested that these genes regulate each other. The presence of functional AP1 seems to reduce FUL expression in stage 1 floral primordia (Mandel and Yanofsky, 1995) . Whether leaves of Pro 35S :FT/TFT plants have distinct regions of AP1 and FUL expression remains to be examined.
A mutation in AP1 does not delay flowering time in a wild-type or Pro 35S :FT/TFT background. AP1 might not be required for the FT effect on flowering, although it is more likely to play an important, though redundant, role in the control of flowering time. Based on our expression and genetic analyses, the FUL and SEP3 genes are likely candidate targets of FT with such possible redundant roles. It is also reasonable to assume that other genes, not identified here, play such a role.
FT Function Is Reduced at Low Ambient Temperatures
Environmental conditions affect flowering time of most plant species, and there are several examples of how the environment modifies events upstream of FT transcription (Boss et al., 2004) . Does the environment regulate FT function as well? Low ambient temperatures delay flowering time of Arabidopsis plants (Blazquez et al., 2003; Thingnaes et al., 2003) . Here, we show that low temperatures reduce the function of FT/TFT. Pro 35S :FT/TFT plants, in which FT transcript is no longer controlled by the environment, produce additional rosette leaves and show significantly reduced meristem termination and leaf curling when grown at 128C. To the best of our knowledge, there has been no previous evidence of events downstream of FT transcription being controlled by the environment. Cold temperatures might affect the FT protein or the accumulation or function of one of its partners. Our results, showing a specific effect of cold temperature on FT-dependent SEP3 accumulation, suggest that temperature is controlling a gene (possibly encoding an FT partner) involved in SEP3 regulation. Exposing plants that were previously grown at 128C to 96 h of 228C did not affect curling of mature leaves or SEP3 expression within those leaves (data not shown). This suggests that the temperature-dependent factor is no longer present in these mature leaves. It is unlikely that cold temperatures work entirely on FD, since loss of FD affects all targets. It is also unlikely that cold temperatures work entirely through SEP3, since the sep3-2 phenotype seems less dramatic than growing plants at low temperatures. Other unknown targets are worth identifying. Lastly, it is likely that other environmental stimuli affect FT action, since the degree of leaf curling is not always correlated with growth temperature. The leaf-curling assay should be helpful in this regard, since it provides a simple tool to monitor FT-dependent activation of SEP3 within the leaf.
Conclusions
In this study, we provide evidence that FT acts in organs in which it is normally expressed, we highlight FUL and SEP3 genes as targets of FT and FD function in flowering and possibly in phase change, and we reveal the environmental regulation of FT activity. While we still need to identify the site in which FT activates the floral transition, the cells that express FD and other partners of FT, and additional targets of FT, our work provides a basis for understanding the mode of action of this universal regulator of flowering time.
METHODS
Constructs, Transformation, and Selection for Transformants
The Pro 35S :TFT construct was provided by E. Lifschitz and contains the cDNA of the SP3D gene (Carmel-Goren et al., 2003) under the cauliflower mosaic virus 35S promoter in the PJD330 vector (Gallie et al., 1987) moved to the binary vector PCGN1548 (McBride and Summerfelt, 1990) . Arabidopsis thaliana ecotype Ler was transformed using the floral-dip method (Clough and Bent, 1998) . Selection for kanamycin resistance was performed by spraying T1 seedlings with 500 mg/mL kanamycin after 1 week, and then every 3 d thereafter.
Plant Genotypes
The Arabidopsis FD, FWA, FT, and CO mutant alleles fd-1, fwa-1, ft-2, and co-2 (Koornneef et al., 1991) and the FUL allele ful-1 (Gu et al., 1998) are all in the Ler background. The Arabidopsis SEP3 null allele sep3-2 (Pelaz et al., 2000) and ectopic expression transgenic line Pro 35S :SEP3 (Pelaz et al., 2001 ) are in the Col-0 background. The AP1 allele ap1-7 (Bowman et al., 1993 ) is in Col.
Genetic Analysis
Identification of the TFT transgene in plants was performed by PCR using primers that recognize the cauliflower mosaic virus 35S promoter (59-GCCATCATTGCGATAAAGGAAAG-39) and NOS terminator (59-GAT-AATCATCGCAAGACCGGC-39) from vector PJD330 (Gallie et al., 1987 ).
An array of different levels of TFT in an fd-1 mutant was obtained using two approaches: one consisted of introducing the fd-1 mutation into Pro 35S :TFT#7 and the other of transforming Pro 35S :TFT directly into an fd-1 mutant. In all cases, the vegetative leaf-curling phenotype was lost in the absence of FD. Once established, new homozygous Pro 35S :TFT fd-1 lines (from direct transformation) were backcrossed to a wild-type Ler plant. A functional FD allele was sufficient to regain leaf curling in all lines.
A line homozygous for Pro 35S :TFT#7 in sep3-2 was identified in the following way. We collected seeds from individual plants (early and uncurled) from an F2 population segregating for sep3-2, Pro 35S :TFT#7, Col-0, and Ler. We selected for homozygous Pro 35S :TFT#7/sep3-2 plants by screening F3 populations under short-day conditions, which enhance curling (condition A4 in Table 1 ). Under these conditions, it was easy to score for the presence of Pro 35S :TFT#7 (early in short days) and sep3-2 (no curling). A line producing uniform early-flowering plants with no leaf curling was chosen and shown by PCR to be Pro 35S :TFT#7/sep3-2.
Pro 35S :FT plants homozygous for the ful-1 allele were identified by PCR using primers that recognize the FUL wild-type allele (Gu et al., 1998) , and the genotype was verified by following the unique ful-1 silique phenotype (Gu et al., 1998) .
Plant Growth Conditions
Seeds were sown in soil and placed in the dark at 48C for 2 to 3 d before moving them into lighted growth cabinets or greenhouses (see Table 1 for different growth conditions). Flowering time (rosette and cauline leaf number), leaf curling, and meristem termination of different genotypes were measured under a large range of growth conditions. Specific growth conditions are provided for each experiment. Different light qualities were obtained using cool white fluorescent lamps, blue (Philips TLD 18W/18 blue) fluorescent lights, and incandescent bulbs. Light spectrum and intensity were measured using an LI-1800 portable spectroradiometer (LI-COR) and an LI-250 light meter (LI-COR), respectively. Relative humidity and temperature were measured using a TESTO data logger.
Histochemical Detection of GUS
Histochemical analysis of GUS was performed as described by Ori et al. (2000) . The first rosette leaves of 19-d-old plants grown under blue-lit long days (A3 in Table 1 ) were treated for 6 h.
RNA Analysis
Seedlings or rosette leaves (depending on the experiment) were harvested at a similar age and time of day in all compared treatments. Total RNA was extracted (Logemann et al., 1987) , and poly(A) þ RNA was purified using the DYNAL Dynabeads mRNA purification kit. cDNA was synthesized from poly(A) þ RNA using Invitrogen Superscript II RNase H-Reverse Transcriptase and oligo (dT) [12] [13] [14] [15] [16] [17] [18] primers. Reactions for quantitative realtime RT-PCR on the cDNA were performed using kits from Abgene: ABsolute QPCR SYBR Green Mix kit (AB-1162) for reactions with SyberGreen and ABsolute QPCR Mix (AB-1138) for reactions with Taqman probes. Reactions were run on a Corbett Research Rotor-Gene 2000 cycler. For each gene tested, at least one of the primers used spanned an exon-exon border so that only cDNA could be amplified. A list of primer and probe sequences is given in Table 3 . As a housekeeping gene, we used b-TUBULIN (AT5G62690). A standard curve was obtained for each gene using a plasmid or fragment containing its amplified region. Reactions for each gene in each cDNA sample were repeated independently at least four times. Quantification of each gene was performed using Corbett Research Rotor-Gene software. The expression of each gene was an average of at least three repeats. We only used repeats in which the standard deviation of a population was <1.5% of the average. Relative expression of a gene in a certain sample was initially obtained by dividing the gene level (in arbitrary units) by the b-TUBULIN level (in arbitrary units). Relative expression units are shown by setting the sample with the lowest expression at a value of 1 or the control treatment at a value of 100.
Accession Numbers
The Arabidopsis Genome Initiative locus numbers for the major genes discussed in this article are At1g65480 for FT, At1g69120 for AP1, At1g24260 for SEP3, and At5g60910 for FUL.
